ABSTRACT A 5-yr Þeld study was carried out to assess intratree variations in the distribution, abundance, and mortality of immature spruce budworm (Choristoneura fumiferana Clemens) (Lepidoptera: Tortricidae) from the peak to collapse of an outbreak. In most years, the highest density of overwintering second-instar (L2) larvae (per square meter of foliage) was located in the lower crown, whereas all subsequent stages (third-to sixth-instar larvae, pupae, and eggs) were at relatively higher densities in the upper crown. In contrast, overall abundance (per branch) throughout the season tended to be highest in the mid-upper to mid-lower crown. Mortality associated with 16 different parasitoid species varied signiÞcantly among years but varied among crown levels for only a few species. In particular, Apanteles fumiferanae (Viereck), Glypta fumiferanae (Viereck), Smidtia fumiferanae (Tothill), and Trichogramma minutum (Riley) all caused higher mortality in the upper crown of trees. Although infection associated with Nosema fumiferanae (Thomson) and mortality associated with fungal and viral pathogens often varied among crown levels, there was no clear or consistent trend from year to year. In general, trends in spruce budworm density and mortality within the crown were similar throughout all years of our study, despite signiÞcant variations in herbivore density, foliage availability, and parasitoid and pathogen impact. Our study indicates that intratree patterns of spruce budworm distribution and mortality are likely to remain consistent during an outbreak and further emphasizes the importance of intratree heterogeneity in shaping interactions within plantÐ herbivoreÐparasitoid communities.
Numerous studies have reported signiÞcant temporal and spatial variations in the distribution and abundance of herbivorous insects within forest canopies (Denno and McClure 1983 , Carroll and Quiring 1994 , Roslin et al. 2006 , Johns et al. 2009 . Such variations may often reßect adaptive responses in egg-laying adults or feeding larvae to intratree heterogeneity in various factors, which may include host nutritional quality (Carroll and Quiring 1994, Johns et al. 2010) , microclimate (Stamp and Bowers 1990, Fry et al. 2009 ), and natural enemies (Stamp and Bowers 1990) . Responding appropriately (i.e., adaptively) to multiple, sometimes competing, selective pressures within trees presumably poses a signiÞcant challenge to herbivores, which may be magniÞed greatly for herbivores that periodically outbreak. Although intratree patterns of resource quality and availability tend to be fairly stable when herbivore densities are low, these patterns may change signiÞ-cantly over the course of an outbreak (reviewed by Karban and Baldwin 1997, Abbott 2012) . In particular, chronic herbivory may alter normal patterns of shoot growth and quality, potentially disrupting normal herbivore foraging patterns with effects that cascade through the food web.
Severe budworm outbreaks occur periodically throughout temperate regions of eastern North America, causing signiÞcant damage to pure and mixed forest stands of evergreens. Several past studies have reported that the seasonal distribution of spruce budworm varies among crown levels in balsam Þr (Abies balsamea (L.) Miller) and spruce (Picea sp.; Morris 1955 , Wilson and Bean 1963 , Miller and Kettela 1972 , Ré gniè re et al. 1989 . In general, adult female spruce budworm lay egg masses in eastern Canada around mid-July, with the highest densities often laid in the upper crown of trees (Ré gniè re et al. 1989 ). After hatching, neonate larvae disperse to Þnd overwintering sites, which are often in the crevices of branches or bark in the lower crown or on surrounding vegetation (Miller and Kettela 1972, Ré gniè re et al. 1989 ). The following spring, second-instar larvae (L2) emerge and disperse to Þnd feeding sites, often toward the upper crown, where they spin a protective silken feeding tunnel from which to feed until pupation. Our understanding of intratree foraging by immature spruce budworm within spruce and Þr can be attributed to two main studies (i.e., Morris 1955 , Ré gniè re et al. 1989 . Morris (1955) examined the intratree distribution of spruce budworm in stands representing a tremendous range of population densities, but only looked at mid-to late-instar larvae. Ré gniè re et al. (1989) , however, provided a comprehensive view of the distribution of all immature life stages within trees, but only examined populations in early (i.e., low density) and peaking (i.e., high density) populations.
Here, we present results of a Þeld study carried out to investigate seasonal variations in the intratree distribution of immature spruce budworm, Choristoneura fumiferana Clemens (Lepidoptera: Tortricidae), and the impact of major parasitoids and pathogens within crowns of mature balsam Þr. We sought to determine whether observed patterns of intratree distribution of spruce budworm persist from the peak through collapse of an outbreak, which corresponds to dramatic changes in herbivore density and foliage availability and quality (Royama 1984, Ré gniè re and Nealis 2007) . Moreover, we examined the additional inßuence of natural enemies, in particular parasitoids and pathogens, whose impact may vary dramatically annually and among crown levels during an outbreak (Kemp and Simmons 1978, Hé bert et al. 1990 ).
Materials and Methods
Study Site Characteristics. Field surveys were carried out over a 5-yr period in a single stand of mature even-aged balsam Þr located at the Acadia Research Forest near Fredericton, New Brunswick, Canada (66Њ 25Ј W, 46Њ 00Ј N). Characteristics of the study site have been described in detail in Lethiecq and Ré gniè re (1988) and Eveleigh et al. (2007) . Brießy, the study site was composed of 98% balsam Þr, 1% red spruce (Picea rubens Sargent), and 1% red maple (Acer rubrum L.). Trees were 25Ð30 yr old, 9 Ð15 m in height, with a mean diameter at breast height of 18.8 cm. Evidence of light defoliation by spruce budworm appeared around 1977, increasing from moderate to severe by 1981. From 1981Ð1987, the sum of defoliation ranged from 444 to 611% out of a maximum of 700% (based on 7 yr of accumulated estimates, each year of which could have up to 100% defoliation; MacLean et al. 1996) . At the peak of outbreak in 1985, larval feeding destroyed Ͼ45% of available current-year shoots, thus reducing the availability of food for emerging L2 the following year (MacLean et al. 1996) . After 1985, populations declined rapidly to very low levels and were almost undetectable by 1988 (Johns and Eveleigh 2013) . Our study began 2 yr before the peak of the outbreak (1983) and continued until the population had collapsed (autumn 1987) .
Immature Spruce Budworm Distribution. Each year, from 1983 to 1987, we selected Þve groups of balsam Þr trees haphazardly (four to Þve trees per group), with new groups of trees selected each year. Selected groups of trees were at least 5 m apart and were located within the interior of the stand at least 5 m from the edge. Trees were sampled repeatedly within a season at the peak of each immature developmental stage (i.e., L2 to L6 larval instars, pupae, and eggs; total of seven collections) using pole pruners to collect whole branches from each of four crown levels spanning the height of the foliated crown (i.e., upper, mid upper, mid lower, and lower crown; a minimum of Þve branches per crown level per collection day). Cardinal direction does not signiÞcantly inßuence spruce budworm density (Morris 1955) and was not controlled in our study. Sample trees were relatively large with a full crown; thus, even with the number of branches removed, the overall structure of the crown remained largely intact. Each spring, we sampled branches for L2 before natural emergence occurred and placed the branches in a warm laboratory (Ϸ20ЊC), counting the larvae that emerged (Lucarotti et al. 2004) . For all subsequent developmental stages (i.e., L3 to L6, pupae, and eggs), we collected branches from the same trees and examined all foliage to assess spruce budworm density. When carrying out collections during the egg stage, we did not count individual eggs, only egg masses. However, spruce budworm lay an average of 16 Ð21 eggs in an egg mass each year; thus, to estimate the total number of eggs, we multiplied our egg mass counts by a factor of 20. To predict the peak of each developmental stage for sampling, we assessed the development of individuals from each of Þve midcrown branches collected daily from our study site (examining up to 50 larvae or pupae). In addition to this, we also calculated degreeday accumulation each year using temperature data from weather stations in the area, as described by Baskerville and Emin (1969) . Together, these methods allowed predictions of the peak of each developmental stage that were generally accurate to within Ϯ1 d. For all collected pupae, we examined the pupenda to determine sex. To estimate the availability of foliage on branches for spruce budworm, we measured branch length and width and used these parameters to calculate the foliated area per square meter (based on foliated length multiplied by the average foliated width). Current-year shoots were also counted on all collected branches.
Parasitism and Pathogen Infection. Parasitism and pathogen infection were assessed for all larvae, pupae, and eggs found during the branch collections described in subsection Immature Spruce Budworm Distribution. Larvae collected from branches were reared on artiÞcial diet until death or adult eclosion, as described in Eveleigh et al. (2007) . Pupae were placed individually in 2-dram glass shell vials (Kimble, Vineland, NJ) and left until eclosion of either adults or parasitoids. Egg masses found on needles were placed in clean plastic vials and later examined for parasitism, predation, and failure to hatch. If any eggs in an egg mass were parasitized or preyed upon, it was generally the case that all or most eggs had been attacked; thus, our estimates of parasitism or predation represent that for the entire mass rather than that for individual eggs within each mass. All vials containing budworm were checked daily and emerged parasitoids collected and identiÞed using appropriate taxonomic keys. Dead larvae with no obvious external symptoms of parasitism or fungal infection were frozen and later prepared on wet mounts for closer examination for pathogens at 400ϫ magniÞcation. Any bacterial or fungal pathogens found were cultured and identiÞed using methods described in Strongman et al. (1990) .
Statistical Analyses. To determine the inßuence of year (random effect) and crown level (Þxed effect) on the mean number of spruce budworm per square meter foliage and per branch for each developmental stage, we used a linear mixed model (proc GLM, SAS Institute 1999). We also analyzed the effects of year and crown level on the percentage survival of spruce budworm from L3 to pupation by Þtting the data to a generalized linear model with a binary distribution and a logistic link function (proc GENMOD, SAS Institute 1999). Differences in percentage predation and failure to hatch (egg masses only) and mortality associated with parasitoids and pathogens were also analyzed using a generalized linear model with the same model parameters (proc GENMOD, SAS Institute 1999).
Results
Immature Spruce Budworm Distribution. The density of immature spruce budworm per square meter foliage varied signiÞcantly among years and crown levels during almost all developmental stages (Table 1 ; Fig. 1 ). In most instances, budworm density increased from the lower to upper crown ( Fig. 1bÐf) , with the exception of L2, which tended to be at higher density in the lower crown (Fig. 1a ). There were signiÞcant year ϫ crown level interactions only for L3, L5, and pupae (Table 1) , owing presumably to the magniÞed effect of crown level on spruce budworm density when populations were relatively high (Fig. 1b, d , and f). Current-year shoot density varied signiÞcantly among crown levels (F 3, 363 ϭ 60.78; P Ͻ 0.01) and years (F 4, 363 ϭ 11.80; P Ͻ 0.01). Overall, shoot densities appeared to increase during the Þrst 3 yr of our study and generally increased from the lower to upper crown (Fig. 1h) . Some slight deviations from this trend, such as in 1987, may explain the signiÞcant year ϫ crown level interaction (F 12, 363 ϭ 2.60; P Ͻ 0.01; Fig. 1h ).
The number of spruce budworm per branch also differed signiÞcantly among years and crown levels, and there were signiÞcant year ϫ crown level interactions in just over half the developmental stages (Table 1; Fig. 2 ). Although L2 densities generally declined from the lower to upper crown (Fig. 2a) , the highest numbers of larvae in subsequent developmental stages were typically in the mid-lower crown, and to a lesser extent, the mid-upper crown (Fig. 2bÐ g ). There was a general increase in the number of current-year shoots among years (F 4, 363 ϭ 9.64; P Ͻ 0.001) and from the upper to lower crown (F 3, 363 ϭ 33.11; P Ͻ 0.001). From the Þrst to last year of the study, the number of current-year shoots per branch increased in mid and lower crown levels, but not the upper crown, resulting in a signiÞcant year ϫ crown level interaction (F 12, 363 ϭ 3.41; P Ͻ 0.001; Fig. 2h ). During the last 3 yr of our study, which were the only years we assessed pupal sex, sex ratio differed signiÞcantly among years ( 2 ϭ 108.76; df ϭ 1; P Ͻ 0.001), ranging from 46 to 52% female, but did not differ signiÞcantly among crown levels ( 2 ϭ 0.68; df ϭ 1; P ϭ 0.41). There was no signiÞcant year ϫ crown level interaction ( 2 ϭ 0.68; df ϭ 1; P ϭ 0.41).
Parasitism and Pathogen Infection. During the 5 yr of our study, we collected several major parasitoid and pathogen species from reared spruce budworm (Eveleigh et al. 2007 ). Data for 16 parasitoid species that commonly occur throughout the spruce budworm range are reported in Table 2 . Note that the mortality caused by each parasitoid species presented in Table 2 is from one-time samples collected annually at the peak of each developmental stage of the spruce budworm. Thus, these samples are not necessarily representative of the total annual amount of mortality caused by each parasitoid species. Spruce budworm L2 were parasitized mainly by two parasitoid species, Apanteles fumiferanae (Viereck) and Glypta fumiferanae (Viereck) ( Table 2 ). Parasitism by A. fumiferanae differed signiÞcantly among years ( 2 ϭ 153.80; df ϭ 1; P Ͻ 0.001) and crown levels ( 2 ϭ 28.26; df ϭ 1; P Ͻ 0.001) and tended to increase from the lower to upper crown (Fig. 3a) . Variations in the magnitude of differences among years resulted in a signiÞcant year ϫ crown level interaction ( 2 ϭ 28.18; df ϭ 1; P Ͻ 0.001). Parasitism by G. fumiferanae was lower than that of A. fumiferanae, but also varied signiÞcantly among years ( 2 ϭ 6.30; df ϭ 1; P ϭ 0.01) and crown levels ( 2 ϭ 10.42; df ϭ 1; P ϭ 0.001; Fig.  3b ). Only in 1985 was there a clear bias in parasitism toward the upper crown (Fig. 3b) , which may explain the signiÞcant year ϫ crown level interaction ( 2 ϭ 10.44; df ϭ 1; P ϭ 0.001).
Negligible parasitism occurred during the L3 to L5 instars ( Table 2) . Parasitism of L6 larvae was associated mainly with Þve tachnid species and a single braconid species (Table 2) . Nearly 86% of parasitism by tachinids was associated with one species, Smidtia fumiferanae (Tothill). Parasitism by S. fumiferanae did not differ signiÞcantly among years ( 2 ϭ 2.13; df ϭ 1; P ϭ 0.14), but did vary among crown levels ( 2 ϭ 3.69; df ϭ 1; P ϭ 0.05; Fig. 4a) , and there was a slight bias in parasitism in some years toward in the upper crown. There was also a signiÞcant year ϫ crown level interaction ( 2 ϭ 3.69; df ϭ 1; P ϭ 0.05). For all other tachinid species, there were no signiÞcant effects of year ( 2 Յ 0.16; df ϭ 1; P Ն 0.69) or crown level ( 2 Յ 0.38; df ϭ 1; P Ն 0.54), nor interactions ( 2 Յ 0.38; df ϭ 1; P Ն 0.54). Parasitism by the braconid, Meteorus trachynotus (Viereck), differed signiÞcantly among years ( 2 ϭ 6.66; df ϭ 1; P ϭ 0.01) and was highest during the Þrst and last years of our study (Fig. 4b) . Parasitism by M. trachynotus did not, however, differ signiÞcantly among crown levels ( 2 ϭ 2.32; df ϭ 1; P ϭ 0.13), and there was no signiÞcant interaction between year and crown level ( 2 ϭ 2.32; df ϭ 1; P ϭ 0.13).
Most pupal parasitism was associated with three ichneumonids, Dirophanes hariolus Cresson, Apechthis ontario Cresson, and Itoplectis conquisitor Say (Table  2) . Of the three species, only parasitism associated with D. hariolus differed signiÞcantly among years ( 2 ϭ 3.69; df ϭ 1; P ϭ 0.05), although there was no effect of crown level ( 2 ϭ 0.29; df ϭ 1; P ϭ 0.59) or interaction ( 2 ϭ 0.29; df ϭ 1; P ϭ 0.59). Pupal parasitism by the chalcid Mesopolobus tortricis (Brues) varied signiÞcantly among years ( 2 ϭ 4.70; df ϭ 1; P ϭ 0.03) and generally increased as spruce budworm population densities declined (Table 2 ). There was no signiÞcant effect of crown level ( 2 ϭ 0.42; df ϭ 1; P ϭ 0.51) nor interaction ( 2 ϭ 0.42; df ϭ 1; P ϭ 0.52). No eggs were found in 1987, so we removed this year from analysis. Parasitism of egg masses was associated exclusively with a single parasitoid species, Trichogramma minutum (Riley), and varied signiÞcantly among years ( 2 ϭ 150.80; df ϭ 3; P Ͻ 0.001) and crown levels ( 2 ϭ 17.28; df ϭ 3; P Ͻ 0.001), and there were signiÞcant year ϫ crown level interactions ( 2 ϭ 21.51; df ϭ 9; P ϭ 0.01). Egg parasitism peaked in the second-last year of the study (1986) , and in that year, only appeared to increase from the lower to upper crown (Fig. 5 ). Predation associated with unidentiÞed animals varied among years ( 2 ϭ 234.97; df ϭ 3; P Ͻ 0.001) but not crown levels ( 2 ϭ 3.10; df ϭ 3; P ϭ 0.38), although there was a signiÞcant interaction ( 2 ϭ 26.24; df ϭ 9; P ϭ 0.002). Less than 1% of reared eggs failed to hatch.
Infection associated with the entomopathogen, Nosema fumiferanae (Thomson) (Microsporidae), varied signiÞcantly among years for L3 and L4 larvae (ranging from 5.5 to 11.1%) and among crown levels for L5 and L6 larvae (Table 3) ; however, trends were inconsistent from year to year. Overall mortality associated with fungal and viral pathogens (in particular baculoviruses) varied signiÞcantly among years for early instars and pupae (from 15.0 to 24.8%), but only differed among crown levels during the L3 stage (Table 3) .
Discussion
The distribution and abundance of immature spruce budworm during all developmental stages varied signiÞcantly among years and crown levels. Similar to past studies, the density (per square meter foliage) of egg masses was generally highest in the upper half of trees, whereas spring-collected L2 were densest in the lower crown, presumably reßecting the downward dispersal of newly hatched neonate larvae before overwintering (Johns and Eveleigh 2013) . After emerging in the spring, larvae dispersed acropetally, from the lower to upper crown (Fig. 1a vs. b; see also Johns and Eveleigh 2013) , and remained there through to pupation. Although larval and pupal densities were higher in the upper crown (Fig. 1bÐ h) , the branches in the upper crown of the trees are much smaller and fewer in number than in the lower crown. As a result, the overall abundance of spruce budworm during all immature developmental stages is actually higher in the mid to lower crown than in the upper crown (Fig. 2) . Our results expand on past work (Morris 1955 , Ré -gniè re et al. 1989 , indicating that even as conditions change during the peak to decline of outbreakÑwith defoliation accumulating and conspeciÞcsÕ density and parasitism ßuctuatingÑthe foraging patterns of spruce budworm within trees remain remarkably consistent. This may be in part because the trees used in our study were more or less able to maintain currentyear foliage production in all crown levels throughout the outbreak (Fig. 1h) . In fact, annual shoot production, particularly in the lower crown levels, actually increased from the Þrst to last year of the study (Figs.  1h and 2 h) , probably owing to proliÞc epicormic shoot production that often occurs following spruce budworm damage (Piene and Eveleigh 1996) . High shoot mortality, such as occurred on our site in 1985 (i.e., Ϸ40% current-year shoot mortality; MacLean et al. 1996) , can often stimulate additional current-year shoot production in balsam Þr (Piene and Eveleigh 1996). It is unclear whether the additional currentyear shoots produced were of the same nutritional quality as others, although they were probably smaller and with a different nutrient proÞle than current-year shoots growing on previously undefoliated branches (Piene 1980, Piene and Percy 1983) . In trees subject to especially intense feeding, where chronic defoliation sometimes leads to shoot and branch mortality of the upper crown (i.e., top kill; e.g., Batzer 1973), we would predict a slightly downward shift in the distribution of feeding larvae, as was observed by Morris (1955) . However, providing that sufÞcient currentyear foliage is available throughout the crown, it is likely that the seasonal distribution of immature spruce budworm will remain relatively consistent throughout outbreak.
Mortality associated with all parasitoid species varied signiÞcantly among years, although only some varied in their impact among crown levels. One species in particular, A. fumiferanae, which attacks young larvae mainly in the fall before or after they have established their overwintering hibernacula, had a clear preference for larvae in the upper crown, which was fairly evident in all years of our study (Fig. 3a) . Similar trends of parasitism by A. fumiferanae have been shown in short-term studies carried out previously (e.g., Dodge 1961) . No detailed studies have been carried out to determine why A. fumiferanae appear to preferentially attack larvae in the upper crown; however, it has been speculated that the higher relative density of larvae in the upper crown may provide a smaller search area and fewer deep crevices, epiphytic plants, and lichen for larvae to conceal themselves in (Dodge 1961) . Parasitism of L2 by G. fumiferanae, a competitor of A. fumiferanae, was weakly biased toward the upper crown in only 1 of the 4 yr of our study (Fig. 3b) . Parasitism of L6 larvae by a tachinid ßy, S. fumiferanae, was also consistently higher in the upper crown, although there was considerable variability (Fig. 4a) . Adult female S. fumiferanae are often more common in the upper crown of conifers, perhaps because of an afÞnity for sunlit conditions in the upper canopy (Hé bert et al. 1990 ). Egg parasitism by T. minutum varied signiÞcantly among years, but was highest toward the upper crown in the one year that parasitism rates were high (Fig. 5) . This result is consistent with a past study of spruce budworm egg parasitism by T. minutum carried out in Maine (Kemp and Simmons 1978) .
Overall, differences in mortality among crown levels associated with the majority of parasitoids and pathogens were relatively small. Most parasitoids did not vary signiÞcantly in their impact among crown levels, although only a few of the 16 parasitoid species we collected actually caused any signiÞcant mortality (Table 2 ). Consistent with several past studies, parasitism associated with M. trachynotus generally increased toward the end of the outbreak (Dowden and Carolin 1950 , Blais 1960 , Miller 1963 ) but did not vary signiÞcantly among crown levels (Fig. 4b) . The need for alternate hosts by M. trachynotus to complete each of its two generations per year may demand a more ßexible and opportunistic host-selection behavior within tree crowns (Hé bert and Cloutier 1990). Parasitoids that attacked pupal budworm, mainly generalist ichneumonids and chalcids (Table 2) , also did not vary signiÞcantly among crown levels. Infection associated with N. fumiferanae, which is usually sublethal (Bauer and Nordin 1989, Eveleigh et al. 2012) , and mortality associated with fungal and viral pathogens varied during some instars among crown levels, but there were no consistent trends (Table 3) .
Several classical studies of spruce budworm population dynamics rely on midcrown branch sampling to estimate population parameters such as herbivore density and mortality (Morris 1963; Royama 1984; Ré -gniè re and Nealis 2007, 2008) ; these studies inherently assume that estimates from the midcrown branches provide a representative sample unit across the full range of outbreak conditions studied. Our results are consistent with this assumption. Although seasonal variation in the distribution of immature budworm within crowns was often quite high, aside from overwintering L2, the density of eggs and larvae generally increased from the lower to upper crown. Our study encompassed the range of conditions experienced by spruce budworm from just before the peak (i.e., 1985) to the collapse (i.e., 1987) of outbreak. To determine whether these patterns also hold for endemic populations will require further study. Overall, potential biases arising from sampling a single crown level are expected to be consistently expressed during all stages of an outbreak, and sampling different or additional crown levels, as recommended by Morris (1955) , is unlikely to alter the central conclusions provided from past and ongoing Þeld studies of budworm population dynamics (e.g., Morris 1963; Royama 1984; Ré gniè re and Nealis 2007, 2008) .
There are several potential mechanisms driving the intratree foraging behaviors of spruce budworm. During the L2 stage, larvae could beneÞt from overwintering in the lower crown owing to the reduced risk of parasitism associated with A. fumiferanae (Fig. 3a) and to a lesser extent G. fumiferanae (Fig. 3b) . Acropetal dispersal, from the lower to upper crown, by larvae before feeding could also be adaptive, although our results provide no indication that the upper crown provides refuge from natural enemies from L3 through to the egg stage. Dispersing to the upper crown could, however, be beneÞcial in terms of resource acquisition. In general, the density of current-year shoots increased signiÞcantly from the lower to upper crown (Fig. 1h) . Larvae feeding in the upper crown would likely have to expend less energy and spend less time exposed to the elements and natural enemies while searching for food, particularly during later instars, when larvae tend to roam more frequently. In addition, larvae feeding in the upper crown may beneÞt from having access to more nutritious foliage. In a past study, late-instar spruce budworm larvae fed cut foliage in vivo were shown to have faster development and reduced relative growth rates on midcrown foliage compared with lower crown foliage (Carisey and Bauce 1997) . Similarly, Þeld studies on other herbivoreÐtree systems have shown acropetal dispersal in young spruce (Picea sp.) to be an adaptive response to intratree heterogeneity in foliage nutritional quality for the larvae of both a moth and a sawßy (Carroll and Quiring 1994, Johns et al. 2010 ). Other physiological effects on development associated with warmer temperatures in the upper crown could also enhance larval performance. Although it is clear that spruce budworm maintains its intratree foraging behaviors throughout an outbreak and that these behaviors may be adaptive, it remains unresolved whether adaptive beneÞts persist during all stages of outbreak. Studies describing the intratree distribution and abundance of herbivores are generally less common than those examining variations among trees (Denno and McClure 1983, Roslin et al. 2006) . Aside from our study, we know of no other long-term studies investigating intratree variations in the distribution, abundance, and mortality of an herbivore that followed an outbreaking population through to its collapse. That trends were maintained across the full range of outbreak conditions studied may be indicative of the adaptive signiÞcance of these behaviors, but could also suggest some inßexibility in the capacity of larvae to vary their behavioral response signiÞcantly in the face of changing host conditions. Further study investigating the underlying mechanisms and trade-offs inßu-encing spruce budworm foraging within conifersÑas well as that of several close relatives with similar intratree distributions (Srivastava et al. 1984, Nealis and Lysyk 1988) , feeding patterns (Volney 1992) , and natural enemy complexes (Hamel 1977 , Nealis 1995 Ñ could shed more light on the ecological signiÞcance of observed behaviors and their inßuence on communitywide interactions.
